A novel replicating agent (IFDO) was isolated from ileal fluid. Growth occurred in vitro under aerobic and anaerobic conditions, and was faster at 37°C than at room temperature. The doubling time was 1543 min. Colonies were dark brown in colour and occurred beneath the surface of agar after conventional surface inoculation. Provisional data indicate that the agent may be a normal intestinal commensal. The agent was remarkably resistant to inactivation by steam at 134"C, formaldehyde and glutaraldehyde; it was relatively resistant to ionising radiation, and it was filterable through membranes with a nominal pore diameter of 10 nm. Such properties, with the exception of growth in cell-free medium, are shared by "unconventional agents" such as those of Creutzfeldt-Jakob disease and scrapie. Further comparison of the properties of the intestinal agent and of slow viruses revealed additional shared characteristics, including resistance to proteinase K and trypsin, and inactivation by guanidine thiocyanate, diethyl pyrocarbonate, phenol and sodium hydroxide. The agent differs from that of scrapie in being inactivated by ethidium bromide, zinc nitrate, EDTA, hydroxylamine in the presence Sarkosyl, and, under certain circumstances, by ribonuclease. Broth cultures of the agent contained particles possessing considerable size heterogeneity. The smaller filterable particles were generally more susceptible to inactivation, did not survive autoclaving, and were inactivated by papaya protease and lipase. It is possible that the replicating agent may be formed by crystallisation from constituents of the medium, and not by a biological process. This does not exclude the postulated relationship to slow viruses.
Introduction
A previously undescri bed replicating agent was isolated from the human gastro-intestinal tract during experiments which were designed to detect organisms dependent on ileal fluid for growth. Therefore, it was provisionally named an ileal fluiddependent organism (IFDO). The acronym IFDO has been retained, although it was subsequently found that pancreatin could be substituted for ileal fluid, and identification of the agent as an organism is not proved.
The ileal fluid-supplemented medium on which IFDO were first isolated consisted of Columbia agar base with added horse blood and Tween 80. Growth on this medium was poor, and the first phase of the investigation was the development of an improved medium.
The first isolations of IFDO were made from the D. W. BURDON plating the entire surface of various media with serial ten-fold dilutions from lo2 to lo6 of ileal fluid in saline. Three 6-mm diameter wells were cut in each plate and filled with membrane-filtered ileal fluid (see below).
Plates were incubated at 37°C in an anaerobic chamber and examined at intervals, without removal from the chamber, for organisms which grew only in the neighbourhood of the wells containing ileal fluid. The media used were blood agar, lysed blood agar containing menadione, nalidixic acid-Tween 8O-bl00d agar, chocolate agar, and lysed blood agar containing vancomycin, colistin and trimethoprim.
Preparation of ileal fluid
Ileal fluid for growth support was collected from the drainage bag of patients with an ileostomy. It was diluted with an equal volume of normal saline and centrifuged. The supernate was filtered through coarse blotting paper, then a pre-filter (Sartorius), and, finally, a 0.2-pm membrane filter (Sartorius). The .filtrations, which were slow, were done at 4"C, and the bacteriologically sterile ileal fluid was stored in small volumes at -20°C before use.
The ileal fluids for culture from patients with Crohn's disease were also collected from ileostomy drainage bags and cultured immediately after receipt.
Substitutes for ilealfluid
A variety of substances including pancreatin (Difco) and various enzymes were tested as substitutes for ileal fluid. The enzymes (all from Sigma) were protease (papaya) (product no. P4880), protease (Aspergillus) (P2143), trypsin (T8253), lipase (L1754), DNase I (D5025), DNase I1 (D4138) and RNase A (R5503).
Thecfinal medium (IFDO agar)
A basal medium consisting of Mycoplasma Agar Base (Oxoid) 35.5 g/L, yeast extract (Gibco) 10 g/L and Tween 80 2 ml/L was autoclaved at 121°C for 30 min. Plates were poured in small batches after addition to 250 ml of basal medium of the following : a mixture of 5 ml of filtersterilised (0-2-pm membrane) pancreatin solution (Difco) 10% v/v in saline, 5 ml of lysed horse red blood cells which had been washed aseptically three times in sterile saline and the packed cells lysed with an equal volume of sterile water, and 0.4 ml of horse serum. Finally, 3 ml of glutaraldehyde (ASEP) 2% v/v was added separately from the previous mixture. The pH was 6.8 and was not adjusted.
Pancreatin was stored at 4°C and used within 3 days of preparation. Serum and lysed blood were also stored at 4°C and used within 1 month.
Broth media
IFDO broth medium with a similar basal formulation to IFDO agar, but without agar, was dispensed in 5-ml volumes and autoclaved at 121°C for 30 min. An alternative liquid medium (TYG), used for isolation of IFDO from faeces, contained tryptone (Oxoid) 10 g/L and glucose 2.5g/L instead of the Mycoplasma Agar Base. Immediately before use, appropriate quantities of the supplements (see above) were added aseptically to each bottle of liquid medium.
Preparation of selective media
When used for isolation of IFDO from faeces or from mixtures containing staphylococci, or when bacterial contamination was likely (e.g., culture from polyacrylamide gels), the following were added to each petri dish before pouring the agar: 0.3 ml of an antibiotic mixture of vancomycin 1.2 mg/L, colistin 7.5 mg/L, and trimethoprim 3.0 mg/L; 0-3 ml of mezlocillin 5 mg/L; and 0.3 ml of thallium acetate 2% w/v. One-third of these quantities of antibiotics and of thallium acetate were added to each bottle of 5 ml of liquid medium.
A tmospheric and temperature requirements
Growth was compared under aerobic, microaerophilic and anaerobic conditions, and at 4"C, room temperature, and 37°C. The microaerophilic and anaerobic conditions were provided in anaerobic jars by evacuation of air to -28 in of Hg and replacement with a H2 :N2 :C02 gas mixture 10 : 80 : 10 v/v. A palladium catalyst was included in the anaerobic jar but not in the microaerophilic jar. The anaerobic jar was controlled with a resazurin indicator. Additional plates for incubation at 4°C and room temperature were pre-incubated at 37°C for 18 h before inoculation. Cultures were routinely incubated aerobically at 37°C for 48 h. After incubation, broth cultures were stored at room temperature for variable periods before use in experiments.
Culture of faeces for IFDO
An enrichment technique employing both types of broth medium was used. The inoculum consisted of 0.1 ml of liquid faeces, or a standard loopful of solid faeces. After incubation for 4 days, broth cultures were subcultured to IFDO agar, on which IFDO were identified by their distinctive appearance.
Enumeration of IFDO
All colony-forming unit (cfu) counts were done on IFDO agar by a ten-fold drop-dilution technique with normal saline as diluent.
Susceptibility to antibiotics
Susceptibility to a range of antibiotics was assessed by the disk agar-diffusion method. Sensitivity to high concentrations of polymyxin B and actinomycin D was tested by adding 0.02ml of a whole broth culture of IFDO to 2ml of antibiotic dissolved in water, and performing cfu counts after incubation for 2 h.
Membrane Jiltration
Membrane filtration was done with Sartorius polycarbonate in-line filter holders with 50-mm diameter membranes and a prefilter. Cellulose nitrate membranes (Sartorius) with nominal pore sizes of 0~01,0~05,0~1,0~15 and 0.2pm were used. To confirm the integrity of the membranes during experiments, a 1 in 100 dilution of an overnight culture of the Oxford staphylococcus grown in Brain-Heart Infusion Broth (Oxoid) was added to the suspension of IFDO being tested. Counts of the starting suspension and of the filtrates were done on IFDO agar with antibiotics and thallium acetate, and on DST Agar (Oxoid).
Filtrates used as inocula for the various susceptibility experiments were always freshly prepared by filtration through 0.01-pm or 0.2-pm membranes from broth cultures which had been incubated for at least 48 h.
Susceptibility to heat
Tests for susceptibility to heat were performed on 5-ml volumes of broth culture or of filtrates in 25-ml glass universal containers. These were autoclaved at 121°C or at 134°C for 5-30 min in a standard laboratory autoclave (British Sterilizers) with the containers placed in wire racks. They were also autoclaved at 134°C with containers in wire racks and others in buckets in a Southtrim laboratory autoclave operated with a set waste disposal cycle which included air removal and positive steam pulses, a holding time of 15 min, and a total cycle time of 45 min.
Heat susceptibility tests of whole cultures and filtrates were also done by immersing containers in a heated water-bath at temperatures from 70°C to 100°C.
Susceptibility to desiccation
Several discrete drops from a Pasteur pipette of a 48-h broth culture of IFDO were placed in an empty sterile petri dish. These were dried in a 37°C incubator for 1 h, and then stored at room temperature in daylight. The locations of the dried drops were visible as brown granular deposits. After 3 months, the dried deposits were reconstituted with water and cultured.
Susceptibility to disinfectants
Susceptibility to disinfectants was determined by adding 0.02 ml of a whole broth culture which had been autoclaved at 121°C for 30 min, or filtrate (0.2-pm membrane) of IFDO to 2 ml of disinfectant. After 1 h, 0-02-ml drops of a 1 in 100 dilution of the test mixture were cultured on agar for the presence of IFDO. For each disinfectant tested it was established that a 1 in 100 dilution was not inhibitory to growth of IFDO.
Susceptibility to aldehydes was determined by adding 0.02 ml of a 48-h broth culture of IFDO and 0.02 ml of an overnight broth culture of the Oxford staphylococcus to 2 ml of a series of formaldehyde dilutions in water, to 2 ml of glutaraldehyde (ASEP) 2% v/v, and to 2 ml of water at 5-min intervals. Counts were done within 2 min of adding the inoculum of IFDO and staphylococci, and repeated after 1 h and 24 h while the test suspensions were held at room temperature.
Susceptibility to ionising radiation
Two 48-h broth cultures of IFDO to which 0.5 ml of an overnight broth culture of the Oxford staphylococcus was added, and also a filtrate of IFDO, were exposed to ionising radiation from a 6oCo source at a dose of c. 350 Gy. Five days later, after storage at room temperature, the same samples were exposed to a further dose of c. 1000 Gy. One of the broth cultures was divided before irradiation into 2 aliquots (la and lb). Counts of IFDO and staphylococci were done at the same time intervals on both aliquots. Sample l b was stored at room temperature and not irradiated.
Susceptibility to detergents and various chemicals
Susceptibility to detergents was investigated by adding 0.1 ml of IFDO or of filtrate (0-01-pm membrane) to the detergent diluted in Tris-HC1 buffer at pH 7-4. Counts were done after 2 h at room temperature.
Susceptibility to guanidine thiocyanate and to various inorganic chemicals was investigated by adding 0-02 ml of whole broth culture or of filtrate (0-01-pm membrane) to a 1-ml mixture of 2 M solutions of the test chemical and 20 mM Tris-acetate buffer pH 8.3 in equal volumes. To test the effect of ethidium bromide, zinc nitrate, ethylenediamine tetraacetic acid (EDTA), alcohols and sodium hydroxide, similar experiments were performed without buffer. Diethyl pyrocarbonate was diluted in Tris-HC1 buffer, pH 7.4, and hydroxylamine was dissolved in 1 M Tris. Additional tests with the above substances were done in the presence of Sarkosyl (BDH) 0.2% v/v. Counts were done after exposure to the chemical for 2 h at 4"C, except for diethyl pyrocarbonate which was incubated at room temperature for 30 min, and zinc nitrate which was incubated at 60°C for 18 h. The experimental conditions were chosen for comparability with published data on scrapie prions.
Susceptibility to enzymes
Tests for inactivation by enzymes were done by incubating filtrates and whole cultures with solutions of enzymes in saline and in Tris-HC1 buffer, pH 7.4, for periods up to 6 h at 37"C, and at 56°C for RNase, followed by a cfu count. For tests with DNase I, MgClz was included at a final concentration of 20mM. The following enzymes (Sigma) were used, and the stated concentration was the highest tested : DNase 10.3 mg/ml, D. W. BURDON DNase I1 (porcine) 0.3 mg/ml, RNase A 3 mg/ml, micrococcal nuclease 0.3 mg/ml, trypsin (bovine) 3 mg/ml, proteinase K 0.3 mg/ml, protease (Aspergillus) 30 mg/ml, protease (papaya) 30 mg/ml, and lipase from Cundidu cyfindrucea 1.5 mg/ml. Additional tests for susceptibility to the above nucleases were done on an eluate prepared from the washed deposit of whole broth cultures. The washed deposit was suspended in saline and incubated overnight at 37°C. It was then centrifuged and sodium dodecyl sulphate (SDS) was added to the supernate to a final concentration of 1% w/v. The supernate was diluted 1 in 25 in a solution of the nuclease and incubated as above.
Microscopy
Blocks of agar containing a single colony of IFDO were compressed between glass slides, fixed in alcohol and stained with alcoholic Congo Red for 30 min. They were examined microscopically under polarised light.
Electronmicroscopy
The deposits from 48-h broth cultures were examined after negative staining with phosphotungstic acid 2% w/v.
Polyacrylamide gel electrophoresis
Electrophoresis was done in an 11% polyacrylamide gel with 0.02-ml samples added to wells in a 3% polyacrylamide stacker gel. Samples were prepared by various methods, but the following was the only method which enabled IFDO protein to penetrate the gel.
Two 15-ml broth cultures of IFDO were centrifuged and the supernates were discarded. The deposits were pooled and washed twice with normal saline. The washed deposit was suspended in 2ml of normal saline, and EDTA and Sarkosyl were added to give final concentrations of 10 mM and 1% v/v respectively. After standing at room temperature overnight, the suspension was centrifuged and the supernate was collected. SDS was added to the supernate (S) at a final concentration of 2% w/v. A mixture (EPL) of 0.3 ml of washed and lysed horse red blood cells, as used in IFDO culture media, 0-6ml of pancreatin 10% w/v, 0-02 ml of lysed whole horse blood, and 0.3 ml of water was incubated at 37°C overnight. A second mixture (EL) similar to the above, but without pancreatin, was prepared immediately before electrophoresis. A sample of pancreatin alone (P) was also prepared.
An equal volume of sample buffer containing SDS 2% w/v, glycerol 1% v/v and mercapto-ethanolO-5% v/v in 62.5 mM Tris-HC1, pH 6.8, was added to the samples EPL, EL, P and S. They were boiled for 2 min, and 0.02ml of each was added to wells in the stacker gel. Electrophoresis was performed at 30 mA constant voltage for 150 min, and the gel was then stained with silver (BioRad).
Disposal and disinfection of cultures and re-usable equipment
All dilutions and transfers of broth cultures of IFDO were made with Pasteur pipettes which were discarded into a suitable container for incineration. Discarded plate cultures were also incinerated. Glass containers and their contents were disinfected in stericol 10% v/v overnight and then autoclaved at 134°C for 1 h. After discovery of the heat resisting properties of IFDO, membrane filter holders were disinfected in chlorhexidine 5% w/v overnight. The electrophoresis apparatus was also disinfected with chlorhexidine. Before use, re-assembled filter holders were autoclaved at 121°C for 30 min.
Results

The initial isolation
The initial isolates were obtained from ileal fluid. They were detected with a hand lens, after anaerobic incubation for 3 weeks at 37"C, as minute colonies on the surface of an agar medium containing horse blood and Tween 80.
Growth requirements
Streaking of the isolates on fresh agar confirmed that they would grow only on Tween 80-blood agar, and only in the immediate vicinity of a well containing ileal fluid. Growth was poor and consisted of a thin greyish-brown surface film. The amount of growth was slightly greater after aerobic incubation than after anaerobic incubation.
Optimum growth was obtained with Tween 80 0.1% v/v, lysed horse blood 1-2.5% v/v, and ileal fluid 2 4 % v/v in Columbia Agar Base (Oxoid). Lowering the concentration of blood below that in the original Tween 80-blood agar resulted in improved growth which occurred beneath the surface of the agar. However, growth was unpredictable and often failed. Failure was sometimes associated with use of a different batch of blood. Eventually it was established that if red cells were separated from serum and washed with normal saline before lysis with either water or saponin, and if the lysed red cells were added to the medium at a higher relative concentration than serum (compared with whole lysed blood), growth of well defined colonies 1-2 mm in diameter could be obtained in 24-48 h. Good growth was obtained with lysed blood at a concentration of 2% v/v, and horse serum at 0.1% v/v. Increasing the concentration of serum progressively inhibited growth, and above 0.5% v/v abolished it. Growth did not occur in the absence of serum provided that well washed red cells were used for the preparation of the lysed blood. Human serum would not support growth of IFDO, but lysed human red cells could be substituted for horse red cells. maximum diameter of 1-2 mm in 48 h. There was a tendency for small satellite colonies to develop around the periphery of the larger colonies ( fig. 1 ).
Substitution of pancreatin 0.2% w/v for ileal fluid gave good growth. Protease (papaya) 0.4% w/v also supported growth, and the further addition of trypsin at 0.008% w/v increased the rate of growth and colony size. Trypsin alone did not support growth but was not tested at concentrations higher than 0.008% w/v. Protease (Aspergillus) 0.4% w/v did not support growth either alone or in combination with trypsin, and did not enhance the growth obtained with papaya protease. Ribonuclease 0.01 % w/v and deoxyribonuclease 0.001 % w/v alone did not support growth, but increased the rate of
Gaseous and temperature requirements
Growth occurred under aerobic, microaerophilic and anaerobic conditions. The rate at which colonies developed was faster at 37°C than at room temperature, and at room temperature the final size of colonies was smaller. There was no growth after incubation at 4°C for 3 weeks. Incubation of agar plates at 37°C overnight, followed by inoculation and incubation at 4°C or at room temperature did not improve growth at these temperatures.
growth obtained with papaya protease or pancreatin. Lipase 0.2% w/v alone or in combination with
Growth of IFDO in liquid media proteolytic enzymes had no effect on growth.
Growth did not occur in the absence of ileal fluid, pancreatin or papaya protease.
Growth in the presence of faeces
Addition of 0.1 ml of liquid faeces to 5 ml of an early version of IFDO broth medium frequently inhibited growth of small inocula of IFDO. If the concentration of Tween 80 was increased to 0.2% v/v, growth of IFDO would occur in the presence of most faecal samples. This concentration of Tween 80 was adopted for all media, and it was found that IFDO would then grow in the presence of higher concentrations of serum than previously.
In IFDO broth a uniform turbidity formed after 12-16 h, followed by a dark brown granular deposit within 24-48 h. Subsequently, the turbidity disappeared to leave a clear supernate overlying the
Final mod$cations to IFDO medium
Substitution of Mycoplasma Agar Base (Oxoid) and yeast extract (Gibco) for Columbia agar resulted in improved growth when ileal fluid was included in the medium, but made little difference with pancreatin. The rate of growth was increased in disinfection experiments in which carry over of glutaraldehyde to the culture media occurred. Therefore, glutaraldehyde at a concentration of 0.025% v/v was added to all media. Growth enhancement with glutaraldehyde was seen only with aerobic incubation. IFDO did not grow anaerobically in the presence of glutaraldehyde.
Colonial appearance of IFDO
When inoculated on IFDO agar, IFDO produced colonies which were located entirely beneath the surface of the agar. The fully developed colonies were dark brown in colour, and reached their Fig. 1. IFDO colonies (1-2 mm in diameter) on IFDO agar. deposit. The growth curve in IFDO broth ( fig. 2) resembles that seen during bacterial multiplication, with a lag phase of 6 h followed by a log phase in which the doubling time was 15.8 min. After 7 days the number of cfu was the same as that recorded at 24 h, indicating a prolonged stationary and decline phase.
Isolation from faeces
After enrichment in antibiotic-containing TYG broth medium and subculture on IFDO agar, IFDO were isolated from four of six samples of normal faeces, and 22 of 37 faecal specimens from patients with various diarrhoea1 disorders. All of 24 uninoculated broths from the same batch of TYG broth remained sterile. Several similar experiments in which the same medium from different batches or IFDO broth medium was used failed because of growth of IFDO in the uninoculated controls. Contamination was also common in agar medium but, unlike liquid media, this did not invalidate the results obtained. This was because the level of contamination was low, and in agar plates typically consisted of one, two or three colonies on about a half of the uninoculated plates tested. The source of the contaminants has not been identified, but failure of sterilisation of membrane filter holders, glassware and of pancreatin are possible explanations.
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Isolation from pancreatic fistula fluid IFDO were also isolated on IFDO agar from a swab taken from a pancreatic fistula. Subsequently they were isolated from two further patients with pancreatic fistulae following surgical intervention for pancreatitis. The fistula drainage fluid from the second patient contained 5 x 10'' IFDO/ml, and that from the third patient contained 1.5 x lo5 IFDO/ml.
Antibiotic sensitivity tests
Disk tests of susceptibility to antibiotics of several isolates of IFDO showed a uniform pattern. There was a 15-mm diameter zone of inhibition around a 50-pg framycetin disk, and a 9-mm zone around a 10-pg neomycin disk, but no inhibition by gentamicin 10 pg, tobramycin 10 pg, amikacin 10 pg, or streptomycin 10 pg. Penicillins 2-30 pg, cephalosporins 30 pg, tetracycline 10 pg, erythromycin 5 pg, clindamycin 2 pg, rifampicin 5 pg, vancomycin 30 pg, trimethoprim 2-5 pg, sulphamethoxazole 100 pg, chloramphenicol 10 pg, fusidic acid 10 pg, nalidixic acid 30 pg, and ciprofloxacin 5pg gave no zone of inhibition. Precipitation occurred in the zone around the framycetin disk and, to a lesser extent, around the neomycin disk. The apparent inhibition of the organism might be due, therefore, to interference with the nutritive properties of the medium rather than a direct effect of the antibiotics on the organism. When incubated with polymyxin B at concentrations of 12.5 pg/ml and above, the number of cfu was reduced by a factor of lo5 in 2 h. Actinomycin D at a concentration of 100 pg/ml did not reduce the count of IFDO.
Membrane filtration
When mixtures of IFDO and the Oxford staphylococcus suspended in water or brain-heart infusion broth were filtered with a 0.2-pm membrane, the IFDO appeared in the filtrate in large numbers. The integrity of the membranes was confirmed by the absence of staphylococci from the filtrates. However, suspensions of IFDO in saline were retained by the membrane. This result was consistently reproducible in many experiments, and passage across membranes varying in pore size from 0.01 to 0.2 pm was also demonstrated (table  I) . Approximately 6% of colony-forming units were able to cross the 0-01-pm membrane. IFDO in whole broth cultures also crossed membrane filters. Before filtration, whole broth cultures were turbid with a distinct dark brown deposit, whereas the filtrates were without turbidity.
Autoclaving
When broth cultures of IFDO were autoclaved at 121°C for 30 min, it was found that they always retained their ability to replicate, and at 134°C for 30 min they usually did so. With an initial inoculum of lo9, counts were typically reduced to lo6-lo8, and to 102-103 respectively. However, the number of survivors after autoclaving was variable and, possibly, related to the age of the culture. Filtrates prepared from broth cultures of IFDO were inactivated by autoclaving, and by boiling at 100°C. When filtrates were heated for periods of 10 min at temperatures in the range 7O-8O0C, variable results were obtained with inactivation in some experiments. Culture of filtrates on agar gave rise to colonies which were indistinguishable from those produced by subculture of broth cultures which had been autoclaved.
Efect of desiccation
Broth cultures of IFDO which had been dried in air and stored for 3 months retained their ability to replicate. Each reconstituted drop gave confluent growth on subculture to IFDO agar.
Chemical disinfection
Filtrates and whole cultures of IFDO were inactivated by chlorhexidine at a concentration of 0.005% w/v. Stericol 2% v/v inactivated filtrates but failed to inactivate whole cultures which were inactivated by stericol 5% v/v. Filtrates but not whole cultures were inactivated by isopropyl alcohol 70% v/v.
A high degree of resistance to formaldehyde and glutaraldehyde was noted (table 11) . Substantial numbers of IFDO survived exposure to formalde- hyde 18% w/v for 1 h, and to formaldehyde 9% w/v for 24 h. Freshly activated glutaraldehyde 2% w/v had no effect on the counts of IFDO during exposure for 24 h.
Susceptibility to radiation
The effect of ionising radiation on IFDO and the Oxford staphylococcus is shown in table 111. Unfortunately, the staphylococci multiplied after addition to the IFDO broths on day 1. After the second dose of radiation, the viable count of staphylococci was reduced 1 000-fold compared with the control broth 1 b, whereas the IFDO count increased slightly compared with day 1 and the control in both broth samples, and decreased tenfold in the filtrate. If the apparent increase in counts in the broth cultures is a true result, it may indicate disruption of large aggregates of IFDO. It is unlikely that the IFDO multiplied during storage at room temperature because they. were in the stationary phase in spent medium. Small cfu in the filtrate were 100-fold less sensitive to radiation than the staphylococci.
Susceptibility to detergents and chemicals
The number of cfu remaining after exposure of IFDO to detergents and chemicals (table IV) may, to a small extent, have been affected by carry over of the test substance to the culture medium. In a few cases there was visible alteration to the medium with the lowest dilution used for the count, but because of the high initial inoculum it was possible to make sufficiently high dilutions to discriminate between inhibition of growth and loss of ability to replicate.
The detergent Triton X-100 reduced the count of IFDO 1 000-fold, whereas Sarkosyl, sodium dodecyl sulphate (SDS), and sodium deoxycholate were without effect. The latter was not tested with filtrates, but Triton and SDS were both highly active against filtrates and only Sarkosyl was inactive.
Whole cultures of IFDO were inactivated by methanol but not by ethanol. Filtrates, however, were inactivated by ethanol as well as by methanol. IFDO were also highly susceptible to NaOH and the alkaline salts K3P04 and K2HP04. Molar hydroxylamine at neutral pH was without effect on IFDO, but reduced the number of cfu of whole cultures 1000-fold in the presence of Sarkosyl. Filtrates were generally more susceptible than whole cultures of IFDO.
Susceptibility to enzymes
The only enzymes that reduced the number of cfu of IFDO were protease (papaya) and lipase from C . cylindracea (table IV) . They both reduced counts of filtrates more than 100-fold but papaya protease was the most active. On whole cultures, papaya protease was without effect, but lipase reduced the counts ten-fold. Eluates prepared from the deposit of whole cultures of IFDO and treated with SDS 1% w/v were inactivated by RNase A, but not by DNase I or 11. RNase A reduced the number of cfu 100-fold after incubation at 37°C for 2 h, and 10 000-fold after incubation at 56°C for 2 h.
Microscopy
When colonies crushed between glass slides and stained with Congo Red were examined by light microscopy they were found to consist of clumps of amorphous material varying from < 1 pm to > 10pm in diameter. The pink stain was largely obscured by brown pigment especially in the larger clumps. When examined under polarised light the amorphous material was seen to contain numerous small ovoid to elongated bodies displaying mixed gold and green birefringence. Unstained control material showed gold birefringence.
Electronmicroscopy of negatively-stained broth
Polyacrylamide gel electrophoresis
The results of electrophoresis ( fig. 3 ) revealed a single protein in the supernate (S) prepared from the washed deposit of a culture of IFDO. A similar protein band was present in samples EPL and EL which both contained lysed red cells and serum. Since the IFDO extract was prepared with EDTA it was unable to replicate, and it was not possible, therefore, to determine whether the protein band consisted of IFDO. When an extract was prepared in an identical manner except for the omission of EDTA, viable IFDO were present in the extract. This extract however failed to enter the polyacrylamide gel adequately. IFDO were recovered from the top 2 cm of the gel, and no protein was detected by silver staining.
Discussion
Culturally, IFDO have the characteristics of a replicating micro-organism. They can be readily subcultured to another agar plate or to broth medium with an inoculum prepared by homogenising a plug of agar containing a colony. When very small inocula are added to broth medium, the agent multiplies rapidly after an initial lag phase, and a growth curve similar to that observed during bacterial replication is obtained ( fig. 2) . The unusual properties of IFDO and, in particular, their ability to multiply on cell-free media despite their small size, does, however, raise doubts as to whether IFDO are living organisms.
The properties of IFDO distinguish them from all organisms capable of growth on cell-free media. One of the most distinctive is growth beneath the surface of agar. This at first suggested a possible relationship to mycoplasmas, but in other respects IFDO are quite dissimilar. The differences from mycoplasmas and other bacteria are many, and include failure to grow in the presence of high concentrations of serum, extreme resistance to heat and to radiation, resistance to desiccation, resistance to tetracyclines, an unusual combination of susceptibility to chlorhexidine and resistance to formaldehyde and glutaraldehyde, the size of the smallest colony forming unit, and inactivation by various chemicals and enzymes. The small size of the agent and its pattern of inactivation by chemicals and enzymes are virus-like characteristics but growth in cell-free medium excludes identification as a conventional virus. The only organisms possessing similar resistance to heat, formaldehyde and radiation are the slow viruses, of which known examples are CreutzfeldtJakob agent and the agents of kuru, GerstmannStraussler syndrome, scrapie and transmissible mink encephalopathy Prusiner, 1987) . The sharing of such rare characteristics suggests that the agents may be related. Characterisation of the physical and chemical properties, and of the mode of replication of slow viruses has proved difficult because attempts to culture them have been unsuccessful, and reliance has had to be placed on animal transmission studies. Most investigations have been done with scrapie, with material purified from the brains of hamsters and other laboratory animals (Prusiner et al., 1980a McKinley et al., 1986) . These have shown survival of scrapie agent after autoclaving at 121°C for up to 1 h (Brown et al., 1982a (Brown et al., , 1986 , survival in formaldehyde 8% w/v (Pattison, 1965; Brown et af., 19826), and alcohol 70% v/v (Prusiner, 1982) , inactivation by phenol Prusiner et al., 1980a) , and a high degree of resistance to ultra-violet light and to ionising radiation (Alper et al., 1966 (Alper et al., , 1967 Gibbs et af., 1978) . A fuller comparison of the properties of IFDO and slow viruses is listed in table V. This reveals many similarities between IFDO and the agents of Creutzfeldt-Jakob disease and scrapie. The most striking shared characteristic, in addition to those already discussed, is birefringence in polarised light of material from colonies which, after staining with Congo Red, appears green. This is comparable with the green birefringence observed with purified scrapie prions, and in the brains of humans with Creutzfeldt-Jakob disease (Prusiner et al., 1983; Bockman et al., 1985) . The results recorded in table V are those obtained with whole cultures since these are probably more comparable with material prepared from animal brain. The effects of the various reagents on whole broth cultures and filtrates of IFDO are in some cases different (see table IV). Comparison is also complicated by the difference between the biological assay used for scrapie and the counts of cfu used for enumeration of IFDO. Evidence for the proteinaceous nature of IFDO is provided by inactivation of IFDO by guanidine, phenol and diethyl pyrocarbonate. IFDO and scrapie also share resistance to proteolytic digestion by trypsin and proteinase K, and resistance to pancreatic lipase, deoxyribonucleases I and 11, ribonuclease and micrococcal nuclease. However, eluates of IFDO were susceptible to inactivation by ribonuclease A, and filtrates were sfisceptible to protease from the plant papaya and to lipase from C. cylindracea. Papaya protease and the candida lipase do not appear to have been tested against scrapie agent. IFDO and scrapie differed in their susceptibility to the detergents Triton X-100 and SDS, but IFDO share resistance to inactivation by SDS with Creutzfeldt-Jakob agent. The viability of IFDO was reduced by K3P04 and K2HP04, but not by KSCN. The most interesting finding was the susceptibility of IFDO to ethidium bromide, Zn(N03), and hydroxylamine which provided the first evidence that they contain nucleic acid (Kochetkov and Budowsky, 1969; Butzow and Eichhorn, 1975) . The susceptibility of IFDO to polymyxin B suggests the possession of a lipid membrane-like function.
IFDO are clearly different from the known slow viruses, but have sufficient shared characteristics to give credibility to the hypothesis that they belong to the same biological group. Apart from the slow viruses, there is no other group of organisms which shows such a degree of relatedness. has expressed misgivings about the use of the title "virus" for the slow viruses because of their unconventional properties. It has been assumed generally that, like true viruses, they would grow only within living cells, but attempts to achieve this have not been successful. It has also been proposed that they have a simpler organisation than true viruses, and that they might not possess nucleic acids (Alper et al., 1978 ; Prusiner, 1982) . Alternative names such as prion have been suggested for them because protein appears to be their major and only identifiable constituent (Prusiner, 1982) , although the presence of lipid had also been inferred (Prusiner et al., 1978~) . Another proposed name is virino which recognises their difference from viruses without excluding the essential role in their replication of the, as yet unconfirmed, presence of nucleic acid (Marsh et al., 1978; Kimberlin, 1982) . The ability of IFDO to multiply outside living cells does not, therefore, exclude their possible relationship to a group of agents whose biological nature remains enigmatic, although it compounds the problem of explaining how such small organisms might contain sufficient nucleic acid to encode for the synthesis of essential protein.
The actual size of IFDO is uncertain. Filtration experiments indicate that the smallest viable colony-forming unit may be smaller than the smallest virus. Electronmicroscopic examination of IFDO is difficult, but indicates that they are spherical bodies with diameters from 35 to 150 nm. There is also doubt about the size of the slow viruses, and evidence of heterogeneity with sedimentation sizes for scrapie agent varying from 30s to 300s (Prusiner et al., 19783, 1980a) . A size of 35 nm has been reported for scrapie by electronmicroscopy (Bignami and Parry, 1971) , and of 19 nm by ultrasonication studies (McKinley et al., 1986) , but these do not necessarily represent the minimum viable particle size. Prusiner (1982) has calculated that the scrapie agent may be as small as 6 nm and estimated that this would not allow for the accommodation of a nucleic acid with more than about 50 nucleotides. Such a small organism, and even one of 35 nm, could not accommodate the theoretical minimum amount of nucleic acid required for independent replication. The IFDO growth curve with its characteristic lag and log phases, and the rapid division of cfu in addition to their growth in size is, however, strongly supportive of it being a replicating organism.
The chemical and enzymatic evidence points to IFDO containing essential protein, lipid constituents, and ribonucleic acid. Examinatiov by SDS-PAGE has revealed a protein component which is indistinguishable from, but not necessarily identical with, a constituent of the culture medium derived from red blood cells. No bands unique to IFDO were demonstrable, possibly because the amount of any other protein which might be present was below the limits of detection. This is compatible with current knowledge of slow viruses in which the only identified protein, PrP 27-30, is derived from the host (Oesch et al., 1985) . It is postulated that in IFDO, replication might involve a mechanism for the recognition, capture, possible modification and utilisation of suitable host protein and lipid. RNA might fulfil this role by interacting directly with host-derived protein. Because of the complex primary and secondary structure of proteins, recognition of the host protein would, presumably, involve few amino acids, and only require a limited nucleic acid sequence. The agent would still require a mechanism for replication of RNA, but the synthesis required might be minimised by the utilisation of nucleotides derived from lysed red cells. Such a hypothetical mode of replication may be possible with a smaller genome than that possessed by conventional viruses.
An alternative hypothesis is that IFDO are formed by crystallisation or precipitation from constituents of the medium in which they grow, and not by a biological process. This notion is prompted by analogy with amyloid with which IFDO (and slow viruses) share the property of birefringence as well as resistance to digestion by proteolytic enzymes. Formation of amyloid in uitro has been demonstrated with certain Bence-Jones proteins in the presence of pepsin (Glenner et al., 1971) , and with intact p 2-microglobulin without enzyme pretreatment (Connors et al., 1985) . The crystallisation hypothesis might explain the low level of observed contamination if initial growth of IFDO is the result of a rare spontaneous event. When growth medium is inoculated, the rapid multiplication might be due to the inoculum providing a template on which crystallisation occurs. However, the rapid and regular division demonstrated by the growth curve does not conform to the usually observed behaviour of crystals which grow in size and fragment irregularly. Also the apparent complexity of the particles is not typical of crystals. In addition to the evidence cited for protein, lipid and nucleic acid, there is evidence from the colour of the colonies of a brown pigment. If IFDO are formed by a process of crystallisation entirely from medium-derived constituents, this does not exclude their postulated relationship to slow viruses, since the proven infectivity of slow viruses, which is the sole basis for their presumptive identification as living agents, could equally well be explained by an agent with the properties of IFDO.
If the hypothesis that IFDO are slow viruses is confirmed, their discovery will prompt attempts to isolate other slow viruses on cell-free media. Until this is achieved, IFDO may provide a useful model for their study. It is unlikely that IFDO are the sole representatives of their type. Similar agents may be the cause of chronic degenerative diseases which are presently of unknown aetiology. Speculation about this is not new , but interest in it has concentrated on neurological conditions such as Alzheimer's disease and Parkinson's disease (Prusiner, 1984 (Prusiner, , 1987 , because of the association of known slow viruses with the brain. The isolation of IFDO from the gastrointestinal tract may point to a wider distribution of slow viruses, and will extend the search for other agents to a broader spectrum of diseases, and especially to those associated with amyloid deposition.
